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ABSTRACT: Upper Cenomanian through lower Coniacian calcareous nannofossil biostratigraphy is integrated with macrofossil and
lithostratigraphic correlations at the reference section for the Mancos Shale in Mesa Verde National Park, CO. Interpretations of key
biostratigraphic events and 13C values from bulk-rock carbonate fit well with the placement of stage boundaries by Leckie et al. (1997)
and observations of nannofossil biostratigraphy in equivalent successions in the Western Interior. Tethyan nannofossil zone CC10b
brackets the Cenomanian-Turonian boundary between 22.7–27.6m. A nannofossil zonal boundary between CC13 and CC14 is placed at
200.4-201m supporting the existence of an unconformity in the basal Smoky Hill Member suggested by Leckie et al. (1997).
Lithraphitdites eccentricum Watkins is elevated to species status, the highest occurrence of which may provide an additional datum in the
upper Cenomanian. Eprolithus octopetalus Varol is proposed as a lower Turonian marker, with a lowest occurrence as a potential alterna-
tive to Quadrum gartneri Prins and Perch-Nielsen for indicating the Cenomanian-Turonian boundary.
INTRODUCTION
Leckie et al. (1997) designated a reference section for the
Mancos Shale in a series of exposures at the northern entrance
to Mesa Verde National Park, CO (text-fig. 1). The lower 70m
of this section, consisting of the upper Cenomanian through
middle Turonian interval, is illustrated in text-figure 2 with the
lithostratigraphy and macrofossil biostratigraphy of Leckie et
al. (1997). West et al. (1998) and Leckie et al. (1998) used
foraminiferan assemblages to reveal high-frequency trans-
gressive-regressive patterns and variations between different
water masses in the Western Interior Seaway (WIS) during the
Greenhorn Cycle at Mesa Verde and other localities in New
Mexico, Utah, and Colorado. Many macrofossils diagnostic of
the upper Cenomanian and lower Turonian are present at the
reference section, although biostratigraphy is supported by
lithostratigraphic correlation between marker limestone and
bentonite beds that tie back to the Global Stratotype Section and
Point (GSSP) at Pueblo, CO (Leckie et al. 1997, Kennedy et al.
2005). Carbonate isotope chemostratigraphy, which is by defi-
nition the proxy for identifying the base of the Turonian Stage,
is currently unavailable for this section. The remaining section
above the boundary through the Turonian to basal Coniacian is
also difficult to interpret due to the relative scarcity of age-de-
terminate macrofossils across key boundaries and low abun-
dance of microfossils (Leckie et al. 1997, West et al. 1998).
Despite the importance of this site to the overall understanding
of paleoceanography in the Western Interior during the
mid-Cretaceous a detailed biostratigraphic analysis of calcare-
ous nannofossils has not been performed. There are several
studies covering this interval throught the basin to which a
biostratigraphic framework can be compared, including the
work of Watkins (1985), Bergen (1988), Bergen and Bralower
(1998), Eleson and Bralower (2005). Increasing dysoxia to an-
oxia and mixing of Boreal and Tethyan water masses,
paleoceanographic changes interpreted from foraminiferan and
macrofossil assemblages, are likely related to significant faunal
turnover of calcareous nannofossils across the Cenomanian-
Turonian boundary (e.g. Leckie et al. 2002), which resulted in
many useful biostratigraphic events observed in this study. Cal-
careous nannofossils are abundant and moderately preserved
through much of the Graneros Shale and Bridge Creek Lime-
stone members of the Mancos Formation at Mesa Verde allow-
ing for a more detailed biostratigraphic analysis of this
succession and correlation to Cenomanian-Turonian (C-T)
boundary sections. Recognition of key biostratigraphic events
across the contact between the Montezuma Valley and Smoky
Hill Members also provide a more robust interpretation of the
Turonian-Coniacian boundary.
CENOMANIAN THROUGH CONIACIAN MACROFOSSIL
BIOSTRATIGRAPHY AT MESA VERDE
At Mesa Verde the lower 24m of section that overlies the Da-
kota Sandstone is assigned to the Graneros Member by Leckie
et al. (1997). The sandy to silty mudstones in the lower 18m, in-
terpreted by Leckie et al. (1997) as being in the upper
Cenomanian Metoicoceras mosbyense Zone, are very poorly
fossiliferous for macrofossils. The presence of the ammonite
Calycoceras canitaurinum in the Graneros and in the underly-
ing Dakota Sandstone in nearby Cortez, CO should restrict the
base of the Mesa Verde succession to the lowest upper
Cenomanian Dunveganoceras pondi Zone (Leckie et al. 1997,
Cobban et al. 2006). More robust correlations are made based
on combined marker beds and macrofossil stratigraphy for the
upper 6m of the Graneros identified by Sageman (1985), and
Elder and Kirkland (1985) and Leckie et al. (1997) place it in
the uppermost Cenomanian. Bentonites at 17.8m, 20.7m, and
23.1m are tied to beds PBC-4, PBC-5, and PBC-11 (text-fig. 2)
in the basal Bridge Creek at Pueblo (Leckie et al. 1997).
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The Cenomanian-Turonian boundary (93.9 Ma, GTS 2012,
Ogg and Hinnov 2012) is defined by the end of a positive 13C
excursion and lowest occurrence of the ammonite Watinoceras
devonense Wright and Kennedy (Kennedy et al. 2005, Ogg and
Hinnov 2012). At Mesa Verde the basal Turonian Watinoceras
devonense Zone is not recognized by Leckie et al. (1997). The
C-T boundary is instead placed at the base of the
Pseudaspidoceras flexuosum Subzone of the Watinoceras
coloradoense Zone (Cobban and Hook 1984, Cobban 1988)
from which the Watinoceras devonense Zone was later split (see
Cobban et al. 2008). Watinoceras cf. praecursor Wright and
Kennedy and Mytiloides hattini Elder are present at 24.9m
which are both cited as having lowest occurrences near the C-T
boundary and are representative of the lowermost Turonian
(Leckie et al. 1997, Kennedy et al. 2005, Cobban et al. 2008).
Several beds, specifically a bentonite at ~24.4m (HL-4 of
Hattin 1975; PBC-17 of Elder and Kirkland 1985), were also
correlated lithostratigraphically to a known marker bed across
the Western Interior at the GSSP in Pueblo, CO. The boundary
was therefore placed at the base of the Bridge Creek Member,
between samples 23.6m and 24.7m.
A possible contact for the middle Turonian Collignoniceras
woollgari Zone is suggested for the LO of Inoceramus cuvieri
Sowerby at 33.4 m; however, C. woollgari is not recorded by
Leckie et al. (1997) in the Bridge Creek Member at Mesa Verde.
The existence of a small unconformity in the Vascoceras
birchbyi Zone is also suggested underlying an interval contain-
ing Mammites species from 25.3m to 27.8m. While these are
discussed as poor biostratigraphic markers, Leckie et al. (1997)
use additional lithostratigraphic correlation of limestones and
bentonites to the Mammites nodosoides Zone at 25.3m.
The upper Turonian can only be demarcated through the use of
macrofossils, as microfossils are nearly absent above the base
of the Fairport Member into the Montezuma Valley Member.
Carbonate content decreases sharply through the Fairport and is
attributed to the earliest regression of the Greenhorn Sea (West
et al. 1998). The upper Turonian Prionocyclus macombi Zone is
thought to coincide with the base of the Juana Lopez Member
(142.2m) by the presence of P. macombi Meek, Baculites sp.,
Inoceramus dimidius White, and Lopha lugubris (Conrad)
(Leckie et al. 1997).
A subtle color change at the base of the Smoky Hill Member
(200.4m) marks a shale-on-shale disconformity that may be the
Turonian-Coniacian boundary. According to Leckie et al.
(1997) three to four macrofossil zones are missing across this
contact. The underlying Montezuma Valley Member contains
few diagnostic fossils, but those present are consistent with an
upper Turonian age. The next zone confidently identified by
Leckie et al. (1997) in the Smoky Hill, the Scaphites depressus
Zone, occurs 22.6m above the base of the member (223m). This
upper Coniacian zone is recognized by the presence of
Scaphites depressus Reeside and Inoceramus (Magadiceramus)
subquadratus (Schlueter). The base of the Smoky Hill has few
age-determinant macrofossils, although the presence of
Inoceramus (Platyceramus) stantoni (Sokolow) may indicate
the middle Coniacian Scaphites ventricosus Zone. Therefore,
the unconformity spans between the uppermost Turonian
Prionocyclus quadratus Zone through the Lower Coniacian S.
ventricosus Zone (Leckie et al. 1997). The inoceramid
Cremnoceramus deformis erectus, marker for the revised
Coniacian stage boundary, is not observed at Mesa Verde
(Walaszczyk and Cobban 2000, Ogg and Hinnov 2012).
LOCALITY AND METHODS
Material for this study came from a series of samples collected
along a trench cut near the northern entrance of Mesa Verde Na-
tional Park (see Leckie et al. 1997). From this succession forty
samples were examined for nannofossil assemblages spanning
33.7m of the Graneros and Bridge Creek Members of the
Mancos Shale. An additional 20 samples were examined for
biostratigraphic interpretation only, ranging from the upper part
of the Bridge Creek Limestone through the base of the Smoky
Hill Member (34.5-202m). Complete description of the
lithostratigraphy, molluscan biostratigraphy, foraminiferan
paleoecology, and gamma ray and bentonite correlations can be
found in Leckie et al. (1997, 1998) and West (1998). Slides
were prepared using the double slurry and settling methods de-
tailed by Watkins and Bergen (2003) and Geisen et al. (1999),
respectively. Calcareous nannofossils were studied using a
Zeiss Photoscope III at a total magnification of 1250x using
cross-polarized light, plane light, phase contrast, and through a
one-quarter ë mica plate. Carbon isotope values for 39 samples
between ~15–45m were derived from isotope-ratio mass spec-
trometry of bulk sediment samples using a GV Isoprime dual in-
let with multiprep.
RESULTS
Perturbations in the ocean-atmospheric system during OAE2
are believed to have forced significant floral turnover from the
Late Cenomanian through Early Turonian (9% extinction, 6%
speciation of calcareous nannofossils according to Leckie et al.
(2002). This provides numerous biostratigraphic events with
which to accurately date C-T boundary sections. The Tethyan
CC nannofossil zonation of Perch-Neilsen (1979, 1985) is used
here to subdivide the Graneros Member through basal Smoky
Hill Member of the Mancos Shale. Comparison of these zones
to the UC zonation of Burnett (1998) is discussed and shown
plotted next to the CC zones.
The Graneros Member, as defined by Leckie et al. (1997) is
dominantly silty calcareous shale, although the lower 10m near
the contact with the Dakota Sandstone consists of sandy to silty
mudstones. Preservation is poor and some samples are barren of
nannofossils in the more sand-rich intervals. Calcareous
nannofossils are relatively abundant in the lower 18m of the
section where macrofossils are rare.
The contact with the Bridge Creek Member is identified at the
base of a 22 cm limestone overlain by a 19cm thick bentonite
correlated to marker beds HL-4 and PBC-17 of Hattin (1975)
and Elder and Kirkland (1985) by Leckie et al. (1997). The
Bridge Creek is comprised of a series of limestone-calcareous
shale couplets, becoming thicker and increasingly marly to-
wards the top of the member. This facies contact is diachronous
across the Western Interior and the separation between the
Bridge Creek and underlying units is significantly older to the
east. Calcareous nannofossils are common to abundant in most
samples and preservation is generally moderate; dissolution
and/or overgrowth did not significantly impair identification of
key marker species. These conditions allowed for the recogni-
tion of three zones from CC10a to CC11 of the Perch-Nielsen
scheme, although further subdivision is possible with the use of
additional secondary datums.
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Detailed biostratigraphy from the Fairport Member through the
upper part of the Montezuma Valley Member is not possible be-
cause this interval is barren of calcareous nannofossils.
Nannofossil abundances increase near the contact between the
Montezuma Valley and Smoky Hill members, which corre-
sponds to a zonal boundary between CC13 and CC14 (text-fig-
ure 3).
CC10a
Perch-Nielsen (1985) used the highest occurrence of Helenea
chiastia Worsley 1971 and lowest of Lithraphidites acutum
Verbeek and Manivit 1977 to bracket Subzone CC10a within
the upper Cenomanian. At Mesa Verde these two taxa, along
with Corollithion kennedyi Crux 1981 and Axopodorhabdus
biramiculatus (= albianus Wind and Wise 1977) (Stover 1966)
comb. nov., are found in the lowest sample (1m). H. chiastia is
relatively common from 1-18.5m, but is very rare in the overly-
ing ~3m. The co-occurrence of L. acutum, which has a highest
occurrence (HO) at 22.4m, just below that of H. chiastia, re-
stricts the lower 22.7m of the section to Subzone CC10a.
Subzone CC10a can be further subdivided using secondary
events common in other Cenomanian-Turonian boundary sec-
tions in the United Kingdom, Europe, the equatorial Atlantic,
and other sites in the Western Interior. Several studies from
Tethyan and Boreal settings have suggested CC10a can be sub-
divided based on the HO of L. acutum. In these successions the
HO of L. acutum is stratigraphically lower than that of H.
chiastia (Bralower and Bergen 1998, Lees 2002, Tantawy 2007,
Fernando et al. 2010, Linnert et al. 2010, Linnert et al. 2011) as
well as at Mesa Verde. The HO of Gartnerago nanum Theirstein
1974 (17.5m) and Lithraphidites eccentricum stat. nov. may
also provide supplementary biostratigraphic events in the mid-
dle of the Graneros Member (Thierstein 1974, Watkins 1985).
L. eccentricum, a large and distinctive Lithraphidites species, is
limited to the lower 14.5m of the section, and is the lowest use-
ful datum at Mesa Verde.
The HO of C. kennedyi and Cretarhabdus loriei Gartner 1968
(= C. striatus of some authors) at 22.4m, and HO of
Axopodorhadbus biramiculatus at 22.7m are also a useful series
of biostratigraphic datums that typically occur towards the top
of CC10a. The LO (lowest occurrence) of Rotelapillus biarcus
(Bukry 1969) Lees and Bown 2005 is recorded as having a short
overlap with L. acutum and occurring just above the HO of C.
kennedyi in the UC zonation of Burnett (1998) and Lees (2002)
and studies in Europe, Great Britain, and at Demerara Rise
(Hardas and Mutterlose 2006, Fernando et al. 2010, Linnert et
al. 2010, Linnert et al. 2011). At Mesa Verde the LO of R.
biarcus is at 22.7m near the top of CC10a and just above the HO
of C. kennedyi and L. acutum. This small species is very suscep-
tible to dissolution and is very rare in the lower part of its range
here and elsewhere (e.g., Linnert et al. 2010, 2011).
CC10b
Perch-Nielsen (1985) defines zone CC10b as a gap zone be-
tween the HO of H. chiastia and LO of Quadrum gartneri Prins
and Perch-Nielsen 1977. The lower contact of the Bridge Creek
Member (24.1m) lies within this zone between 22.7m and the
LO of Q. gartneri at 27.6m. The LO Lucianorhabdus
maleformis Reinhardt 1966, a secondary marker for the base of
upper Turonian CC13 and the equivalent UC zone to CC10b,
occurs below Q. gartneri at 25.2m. In the Perch-Nielsen (1985)
zonation L. maleformis has a LO in the middle Turonian along
with Eiffellithus eximius, while Burnett (1998) and Lees (2002)
believe it first occurs in the lower Turonian with Q. gartneri.
The discrepancy between Mesa Verde and these zonation
schemes suggests that L. maleformis is not a reliable taxon for
biostratigraphic use. Several other taxa are useful for partition-
ing CC10b at Mesa Verde.
The LOs of transitional forms derived from the nine rayed
nannofossil Eprolithus floralis (Stradner 1962) Stover 1966 are
also good biostratigraphic events close to the C-T boundary
within CC10b (e.g., Varol 1992, Linnert et al. 2010). Eight
rayed Eprolithus octopetalus Varol is first observed at 24.7m in
the first sample of the Bridge Creek Member and seven rayed
Eprolithus moratus (Stover 1966) Burnett 1998 is found slightly
higher at 26.7m. These taxa are rare at the beginning of their
ranges but become slightly more common through the Bridge
Creek Member at Mesa Verde.
CC11
The base of CC11 was defined by Perch-Nielsen (1985) as the
LO of Q. gartneri based on the work of Cepek and Hay (1969).
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TEXT-FIGURE 1
Paleogeographic map of the Cretaceous Western Interior Seaway during
the Late Cenomanian – Early Turonian showing the location of Mesa
Verde National Park. An inset roadmap shows the area of study where
the section was collected by Leckie et al. (1997). (Modified from Leckie
et al. 1997 and Blakey, 2012)
Quadrum gartneri has a LO at Mesa Verde at 27.6m just below
unit 71 which Leckie et al. (1997) correlate to marker bed JT-10
of Hattin (1975, 1985) and bed PBC-31 of Elder and Kirkland
(1985). The HO of Rhagodiscus asper (Stradner 1963)
Reinhardt 1967, which is often used as an additional C/T
boundary marker, is reported anywhere from upper
Cenomanian to lower/middle Turonian (e.g., Lees 2002,
Tantawy 2007, Fernando et al. 2010) and is very rare in the
Bridge Creek Member at Mesa Verde. The overlying Turonian
section up to 18m lacks evidence for the placement of addi-
tional published biostratigraphic datums.
CC12
The LO of Eiffellithus eximius (Stover 1966) Perch-Neilsen
1968, which marks the base of CC12 (Perch-Nielsen 1985), was
not encountered in the Bridge Creek Member. This is due to the
use of Shamrock and Watkins’ (2009) revised taxonomy of the
genus Eiffellithus. E. eximius was redefined as those
eiffellithids bearing a cross closely aligned (< 20°) with the ma-
jor and minor axis of the coccolith. Several new names were
given to transitional off-axis forms that appeared in the late
Cenomanian that are derived from Eiffellithus turriseffelii
(Deflandre and Fert 1954) Reinhardt 1965, which has an
x-shaped set of bars supporting the coccolith stem. Using these
criteria the LO of E. eximius is much higher and is first docu-
mented in the final sample examined at 202m in the basal
Smoky Hill Member. The HO of E. octopetalus was estimated
to coincide with the base of CC12 by Perch-Nielsen (Eprol. Sp.
2, Figure 14, 1979) and is recorded only in the uppermost
Cenomanian and lower Turonian of Varol’s (1992) cosmopoli-
tan biostratigraphy of the Polycyclolithaceae. More recent stud-
ies have shown the HO of E. octopetalus to be significantly
above the LO of Q. gartneri and to correspond closely with the
base of the middle Turonian as determined by carbon isotope
and macrofossil stratigraphy (e.g., Linnert et al. 2010). This
suggests that the HO of E. octopetalus at 37m may approximate
the base of CC12 at Mesa Verde near the basal contact of the
Fairport Member. Calcareous nannofossils are very rare to ab-
sent in the samples from 69.6m to 198m, therefore macrofossil
biostratigraphy is used through this interval.
Possible contact between CC13 and CC14
Samples from the uppermost Montezuma Valley Member
(198m, 200.4m) are in nannofossil zone CC13, as they contain
Marthasterites furcatus (Deflandre 1954) Deflandre 1959 and
Lithastrinus septenarius Forcheimer 1972 (text-fig. 4). The LO
of these taxa were recognized in the upper Turonian by Sissingh
(1977). Perch-Nielsen (1979, 1985) suggested the LO of L.
septenarius occurred between the LO of M. furcatus and the
overlying zonal marker Micula decussata Vekshina 1959; how-
ever, some recent studies show it occurs much closer to and be-
low, that of M. furcatus (e.g., Lees 2002, 2008; Sikora et al.
2004, Corbett and Watkins, in press). Other taxa that first occur
in the upper Turonian were also identified in these samples in-
cluding Kamptnerius magnificus Deflandre 1959, Liliasterites
angularis Svabenicka and Stradner 1984, and Broinsonia parca
expansa (Stradner 1963) Wise and Watkins 1983. E. moratus is
absent and must have a highest occurrence below this interval.
Bralower and Bergen (1998) suggest the HO of E. moratus is a
potential upper Turonian or lower Coniacian biostratigraphic
event that is reliable across the Western Interior seaway.
The next two samples (201m, 202m) in the lowest part of the
Smoky Hill Member contain very different assemblages indica-
tive of zone CC14. M. decussata, the basal marker for CC14
(Sissingh 1977), is common in these samples along with other
polycycloliths Q. gartneri, Quadrum intermedium Varol 1992,
and L. septenarius. The LO of E. eximius, by the observation of
a single specimen, occurs in the last sample at 202m.
It is problematic placing confident zonal boundaries here with
such poor preservation and limited sampling. This boundary
should be considered as approximate, although it is consistent
with the interpretations of Leckie et al. (1997).
Carbon Isotope Data
A new dataset of 13C values from bulk-rock carbonate reveal a
~6 ‰ excursion just below the base of the Bridge Creek Lime-
stone Member between 20-25m (text-fig. 2). The wide range in
values (from approximately -4 to 8 ‰) suggest the samples
have been altered by diagenesis, and the coarse resolution pre-
clude more detailed comparison to other OAE2 curves. Look-
ing at just the highest value in this excursion, which occurs at
23.3m just above the HO of H. chiastia and decreases by 24.7m,
this peak appears coincident with the zone approximating the
base of the Turonian as interpreted by Leckie et al. (1997). This
is consistent with the use of subzone CC10b and the HO of H.
chiastia and LO of Q. gartneri to bracket the Cenomanian-
Turonian boundary.
DISCUSSION
The calcareous nannofossil biostratigraphy of the reference
Mancos Shale section at Mesa Verde allows for integration with
preexisting ammonite and inoceramid biostratigraphies of
Leckie et al. (1997). Calcareous nannofossil biostratigraphy
largely corroborates the macrofossil and lithostratigraphic cor-
relations of Leckie et al. (1997). Several adjustments can be
made to the placement of stage and substage boundaries, al-
though poor preservation and low abundance of nannofossils
within the Fairport and Montezuma Valley Members limit de-
tailed interpretation of the middle-upper Turonian section.
Disagreement in biostratigraphic interpretations from sections
across the Western Interior and others around the globe has been
used to suggest diachroneity of species or differences in taxo-
nomic interpretation between micropaleontologists. In a study
of Western Interior sites, Desmares et al. (2007) argued that
most of the Cenomanian-Turonian boundary nannofossil events
are inconsistent with lithostratigraphic correlations to the GSSP.
The Mesa Verde section fits fairly well with proposed and estab-
lished zonal and marker schemes for the Cenomanian-Turonian
boundary; however some observations suggest the schemes can
be improved.
Upper Cenomanian
The presence of two calcareous nannofossils, L. eccentricum
and G. nanum, imply that the ~14-18m of strata above the Da-
kota Sandstone is early Late Cenomanian in age. L. eccentricum
was reported from the middle Cenomanian of the southeast Gulf
of Mexico (type material) and from the middle-upper
Cenomanian of the northwest African margin (Watkins and
Bowdler 1984, Weigand 1984). The HO of G. nanum was first
identified in the upper Cenomanian in the Indian Ocean on Leg
26, and Perch-Nielsen (1979) and Crux (1982) reported its HO
near the middle-upper Cenomanian boundary. In the Western
Interior G. nanum is last recorded in the Lincoln Member of the
Greenhorn Formation at Pueblo, CO and within the Amoco No.
1 Bounds Core, KS (Watkins 1985, Bralower and Bergen 1998).
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TEXT-FIGURE 2
Stratigraphic column summarizing lithology, stratigraphic units, carbon isotope values, macrofossil and microfossil biostratigraphy and age of the Upper
Cenomanian through Middle Turonian succession at Mesa Verde National Park, CO from 0-70m. Nannofossil bioevents have been used to interpret CC
(Perch-Nielsen 1985) and UC (Burnett 1998) zonations. Key bentonites and macrofossil zonations are labeled based on observations and correlations of
Leckie et al. (1997). (Modified from Leckie et al. 1997).
In the Amoco Bounds Core this HO is only ~6m above the mid-
dle Cenomanian X-bentonite marker bed, which is typically
found at the top of the Graneros Member. At Mesa Verde the
ranges of L. eccentricum and G. nanum are well below the HO
of C. kennedyi, C. loriei, L. acutum, A. biramiculatus, and H.
chiastia (text-fig. 3), which is consistent with a transition from
the mid-Cenomanian through to the Cenomanian-Turonian
Boundary.
The sparse macrofossil data from the lower 18m of the
Graneros do not provide a definitive age for this part of the sec-
tion. The HO of L. eccentricum and G. nanum at 14.5m and
17.5m support the designation of basal upper Cenomanian age
for this part of the section suggested by Leckie et al. (1997).
Cenomanian-Turonian Boundary
The Cenomanian HO of H. chiastia, has garnered some criti-
cism as a useful marker due to its rarity towards the upper part
of its range (Desmares et al. 2007, Hardas and Mutterlose 2006,
Watkins 1985). Bralower (1988) and Bralower et al. (1995) at-
tribute a moderate to high level of reliability to the HO of H.
chiastia as a marker event, and it has been considered a second-
ary marker for the C-T boundary at the GSSP (Kennedy et al.
2005). It is a subzonal marker for the base of CC10b
(Perch-Nielsen 1985) and zone UC6 (Burnett 1998).
The LO of Q. gartneri marks the base of CC11 and has been
recommended as a more accurate approximation of the C-T
boundary by Tsikos et al. (2004) based on its proximity to the
top of the OAE 2 carbon isotope excursion. Nevertheless, it has
its own limitations as a marker. It is rare through much of the
section at Mesa Verde and elsewhere in the Western Interior un-
til the upper Turonian and Coniacian (Bralower and Bergen
1998).
Nannofossil gap subzone CC10b, bounded by the HO of H.
chiastia and LO of Q. gartneri, serves to bracket the C-T
boundary at Mesa Verde between 22.7m and 27.6m. The LOs of
A. biramiculatus, R. biarcus, E. octopetalus, and E. moratus, are
also recognized at Mesa Verde, and serve as additional
biostratigraphic events highlighted in recent analyses (Bralower
and Bergen 1998, Fernando et al. 2010, Hardas and Mutterlose
2006, Linnert et al. 2010 and 2011, Tantawy 2007, Varol 1992)
that can identify the C-T boundary interval.
The range of E. octopetalus is believed to be especially short
(Varol 1992), and is here proposed as a total range zone equiva-
lent to the lower Turonian. The LO of E. octopetalus at 24.7m is
most consistent with the C-T boundary placement determined
by Leckie et al. (1997) at 24.1m and precedes that of Q. gartneri
by nearly 3m. Although marker bed correlations suggest other-
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TEXT-FIGURE 3
Summary of the abundance and biostratigraphic distribution of select calcareous nannofossil species from the Upper Cenomanian through Middle
Turonian at Mesa Verde National Park, CO. Key nannofossil bioevents used to interpret CC (Perch-Nielsen 1985) and UC (Burnett 1998) zonations are
discussed in the text.
wise, Leckie et al. (1997) proposed the lower Turonian
Vascoceras (Greenhornoceras) birchbyi Subzone of the
Watinoceras coloradoense Zone is missing, citing a lack of di-
agnostic macrofossils for this subzone and presence of
mammitid ammonites typical of overlying biostratigraphic
zones at 25.3m. A well-established succession of nannofossil
events across the C-T boundary interval including H. chiastia,
E. octopetalus, E. moratus, and Q. gartneri is complete at Mesa
Verde, providing no evidence for any hiatus in the basal part of
the Bridge Creek below 25.3m. Discrepancy between the ex-
pected mid-Turonian boundary and presence of E. eximius sug-
gests the placement of its LO should be reevaluated, especially
since description of the taxa has been changed to reflect older
intermediate forms with Eiffellithus turriseiffelii (Deflandre
1954) Reinhardt 1965 (Shamrock and Watkins 2009). The HO
of E. octopetalus may be used as an alternative event for the
base of CC12. This is less than 4 m above the estimated base of
the middle Turonian suggested by Leckie et al. (1997). The
range of E. octopetalus at Mesa Verde is comparable to the
ranges discussed in the type material by Varol (1992) and
Perch-Neilsen (1979) and the detailed bio-litho-chemo-
stratigraphic analysis of a proposed global stratigraphic refer-
ence section for the Cenomanian-Turonian boundary in
Germany by Linnert et al. (2010).
Turonian-Coniacian Boundary
The exact placement of the Turonian-Coniacian boundary
within calcareous nannofossil schemes is the subject of some
debate. The proposed boundary criteria, the LO of Cremno-
ceramus deformis erectus Meek 1877, would shift the place-
ment of the base of the Coniacian physically and temporally
upward of Forresteria (Harlites) petrocoriensis Coquand 1859
which served as the original boundary (Kauffman et al. 1996,
Walaszczyk and Cobban 2000, Ogg and Hinnov 2012). Lees
(2008) and Walaszczyk et al. (2012) show that several nanno-
fossil taxa can be used to approximate this boundary in the ab-
sence of C. d. erectus.
Lees (2008) performed a calcareous nannofossil biostrati-
graphic correlation for the base of the Coniacian, from sites in
the United Kingdom and Europe, using the new boundary crite-
ria proposed by Kauffman et al. (1996). The boundary is shown
as occurring between the LO of Micula adumbrata Burnett
1997 and M. decussata and the LO of B. furtiva within zone
UC9c. The LO of L. septenarius and M. furcatus have been used
zonal markers for CC13 to approximate the base of the
Coniacian, but these criteria place events in the upper Turonian.
Assuming the LO of L. septenarius occurs below the Coniacian
boundary, this would suggest that the samples at 198m and
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TEXT-FIGURE 4
Chart showing observations of select calcareous nannofossils at the contact between the Montezuma Valley and Smoky Hill Members of the Mancos
Shale. Nannofossil biostratigraphy corroborates placement of the Turonian – Coniacian Boundary at an erosional contact between the members based on
macrofossil observations by Leckie et al. (1997). Key nannofossil bioevents used to interpret CC (Perch-Nielsen 1985) and UC (Burnett 1998) zonations
are discussed in the text.
200.4m are from zone CC13/UC9c in the uppermost Turonian,
while the base of Coniacian zone CC14/UC10 occurs within a
meter into the base of the Smoky Hill Member (201m) (text-fig.
4). An unconformity removing part of these zones, may coin-
cide with this contact as suggested by Leckie et al. (1997). This
is also consistent with that seen in other WIS sections such out-
crops in Central/Eastern Colorado (Fisher et al. 1985) and the
USGS Portland (CO) and Amoco Rebecca Bounds Core (KS)
(Bralower and Bergen 1998).
CONCLUSIONS
Calcareous nannofossil biostratigraphic analysis is integrated
with prior macrofossil and lithostratigraphic correlations of
Leckie et al. (1997) to accurately interpret key stage boundaries
for the lower ~ 200m of the Mancos Shale reference section at
Mesa Verde National Park. Nannofossil events and a peak in
carbon isotope values compare well to the interpreted place-
ment of the base of the Turonian by Leckie et al. (1997) and
suggest the interval from the Upper Cenomanian through
Lower Turonian is relatively complete at Mesa Verde. Several
extinction (~5) and speciation (~5) events occur within the
OAE2 excursion, indicating significant turnover during this
event. The HO of L. eccentricum, elevated here to species sta-
tus, may serve as a new Upper Cenomanian datum in addition
to existing marker species such as G. nanum. The total range of
E. octopetalus can be an alternative marker for the Lower
Turonian, the LO of which may be used in the absence of Q.
gartneri to indicate the C-T boundary. While preservation is
poor, and microfossils are absent from the Blue Hill and Juana
Lopez members, the LO of M. decussata implies the contact
beween the Turonian and Coniacian occurs at or near the
boundary between the Montezuma Valley and Smoky Hill
members (text-fig. 4). This calcareous nannofossil framework
will allow for future comparison of nannofossil assemblages
with paleoceanographic proxies, such as foraminiferans, to
better understand what the central Western Interior Seaway was
like during OAE2 and how it may differ from other key C-T
boundary sections.
SYSTEMATIC PALEONTOLOGY
Order PODORHABDALES Rood et al. 1971, emend. Bown
1987
Family AXOPODORHABDACEAE Bown and Young 1997
Genus AXOPODORHABDUS Wind and Wise in Wise and
Wind 1987
Axopodorhabdus biramiculatus (Stover 1966) comb. nov.
Text-figure 5A
Zygolithus biramiculatus STOVER 1966, p.147, pl. 3, fig. 16;pl. 8, fig.
23. (basionym)
Rhabdosphaera sp. BLACK 1965, p. 133, fig. 10.
Podorhabdus albianus BLACK 1967, p.143-144.
Prediscosphaera ?orbiculofenestrus GARTNER 1968, p. 21, pl. 25,
figs. 23-25, pl. 26, fig.8.
Staurolithites orbiculofenestrus CEPEK and HAY 1969, p. 334.
Podorhabdus orbiculofenestrus THIERSTEIN 1971, p. 478, pl. 8, fig.
9-17.
Podorhabdus fusiformis BLACK 1972, p. 34-35, pl.7 fig 3, 6-9.
Podorhabdus gracilis BLACK 1972, pg. 35, pl.13, fig 4.
Axopodorhabdus albianus WIND and WISE 1977, p. 297.
Axopodorhabdus fusiformis (Black 1972) Wind and Wise in WISE and
WIND 1976, p. 297.
Axopodorhabdus gracilis (Black 1972) Wind and Wise in WISE and
WIND 1976, p. 297.
This taxon has been used extensively as a biostratigraphic
marker in most zonation schemes for the mid-Cretaceous (e.g.
Cepek and Hay 1969, Thierstein 1976, Sissingh 1977,
Perch-Nielsen 1985). Despite its widespread usage and its dis-
tinctive physical appearance, this species has been erroneously
referred to as Axopodorhabdus albianus for the last three de-
cades. Examination of the valid description of Zygolithus
biramiculatus Stover 1966 and comparison with later, illus-
trated specimens bearing the species epithet of albianus leaves
no doubt that that these are the same form. Since the species de-
scription of Stover (1966) conforms in every way with the Inter-
national Code of Botanical Nomenclature, it is clear that the
species epithet biramiculatus is valid and has priority (Fig. 5,
A1-4).
The generic attribution for this species is herein changed to
Axopodorhabdus in keeping with the revision of this genus by
Wind and Wise (in Wise and Wind 1976). The species
Axopodorhabdus gracilis is a diagenetic alteration of A.
biramiculatus in which the crystallites that normally extend
over the bifurcation of the elements comprising the windows
have been removed by dissolution. As such, this species is not
valid and is included in A. biramiculatus. Axopodorhabdus
fusiformis Black 1972 was described from a single specimen
characterized by a swollen spine or stem. The other specimens
that were assigned to this species (none of which had a spine
preserved) were chosen by Black as “a matter of opinion, based
upon close association” (Black 1972, p. 35).
INCERTAE SEDIS
Family MICRORHABDULACEAE Deflandre 1963
Genus LITHRAPHIDITES Deflandre 1963
Lithraphidites eccentricum Watkins in Watkins and Bowdler 1984
stat. nov.
Text-figure 5B
Lithraphidites actum spp. eccentricum Watkins in WATKINS and
BOWDLER 1984, Initial Reports of the Deep Sea Drilling Project,
77, p. 664, Plate 4, Figs. 1-6; Plate 5, Figs. 1-4.
This taxon was originally proposed as a subspecies to
Lithraphidites acutum Verbeek and Manivit 1977 because it
was believed that the two taxa were “paleobiogeographic varia-
tions (form subspecies) of the same species” (Watkins and
Bowdler 1984, p. 664). Observations since that time have indi-
cated that this is not the case. These taxa have different
biostratigraphic ranges, with L. eccentricum appearing and dis-
appearing prior to the first and last appearances of L. acutum in
the Cenomanian. In addition, these forms are known to overlap
in paleogeographic range at several sites in the Western Interior
Basin and on the northwest African margin (Wiegand 1984).
Although morphologically similar in possessing four triangular
blades that extend perpendicular to the main shaft of the
nannofossil, the construction of the two forms is different.
Lithraphidites eccentricum is composed of four bilamellar
blades (Fig. 5, B1-4), while L. acutum appears to possess four
unilamellar blades (Fig. 5, C1-3. In addition, Lithraphidites
eccentricum is approximately two to three times the size of L.
acutum, and no transitional forms of intermediate length have
been observed.
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TEXT-FIGURE 5
Light photomicrographs of calcareous nannofossils at 1250x magnification. XPL = cross-polarized light. PL = plane light. PH = phase contrast. GYP =
gypsum plate.
A.Axopodorhabdus biramiculatus, U. Cenomanian, 5.8m, Graneros Member; A1: PL, A2: GYP., A3: PL, A4: PH.
B.Lithastrinus eccentricum, U. Cenomanian, 5.8m, Graneros Member; B1: PL, B2: GYP., B3: PL, B4: PH.
C.Lithastrinus acutum, U. Cenomanian, 11.4m, Graneros Member; C1: PL, C2: GYP., C3: PL, C4: PH.
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APPENDIX 1
Species List.
Axopodorhabdus biramiculatus (Stover) Corbett and Watkins
com. nov.
Broinsonia parca expansa (Stradner) Wise and Watkins 1983
Corollithion kennedyi Crux 1981
Cretarhabdus loriei Gartner 1968
Eiffellithis eximius (Stover) Perch-Nielsen 1968
Eiffellithus turriseffelii (Deflandre and Fert 1954) Reinhardt
1965
Eprolithus floralis (Stradner) Stover 1966
Eprolithus moratus (Stover) Burnett 1998
Eprolithus octopetalus Varol 1992
Gartnerago obliquum (Stradner) Nöel 1970
Gartnerago nanum Thierstein 1974
Helenea chiastia Worsley 1971
Kamptnerius magnificus Deflandre 1959
Liliasterites angularis Svabenicka and Stradner 1984
Lithraphidites acutum Verbeek and Manivit 1977
Lithraphidites eccentricum Watkins in Watkins and Bowdler
1984 stat. nov.
Lithastrinus septenarius Forchheimer 1972
Lucianorhabdus maleformis Reinhardt 1966
Marthasterites furcatus Deflandre 1959
Micula adumbrata Burnett 1997
Micula decussata (= staurophora) Vekshina 1959
Percivalia fenestrata (Worsley) Wise 1983
Quadrum gartneri Prins and Perch-Nielsen 1977
Quadrum intermedium Varol 1992
Rhagodiscus asper (Stradner) Reinhardt 1967
Rotelapillus biarcus (Bukry) Lees and Bown 2005
Stoverius achylosus (Stover) Perch-Nielsen 1986
